Dielectrophoretic assembly and atomic force microscopy modification of reduced graphene oxide J. Appl. Phys. 110, 114515 (2011) Quasi in situ scanning force microscope with an automatic operated reaction chamber Rev. Sci. Instrum. 82, 113709 (2011) Mapping of conservative and dissipative interactions in bimodal atomic force microscopy using open-loop and phase-locked-loop control of the higher eigenmode Appl. Phys. Lett. 99, 074103 (2011) Wideband phase-locked loop circuit with real-time phase correction for frequency modulation atomic force microscopy Rev. Sci. Instrum. 82, 073707 (2011) Additional information on J. Appl. Phys. In ambient conditions, nanometric water layers form on hydrophilic surfaces covering them and significantly changing their properties and characteristics. Here we report the excitation of subharmonics in amplitude modulation atomic force microscopy induced by intermittent water contacts. Our simulations show that there are several regimes of operation depending on whether there is perturbation of water layers. Single period orbitals, where subharmonics are never induced, follow only when the tip is either in permanent contact with the water layers or in pure noncontact where the water layers are never perturbed. When the water layers are perturbed subharmonic excitation increases with decreasing oscillation amplitude. We derive an analytical expression which establishes whether water perturbations compromise harmonic motion and show that the predictions are in agreement with numerical simulations. Empirical validation of our interpretation is provided by the observation of a range of values for apparent height of water layers when subharmonic excitation is predicted.
I. INTRODUCTION
Part of the interest in measuring surface features with nanometric and subnanometric resolution lies in the fact that dimension is one of the fundamental characteristics at the nanoscale. 1, 2 The size of a nanoscale object is closely linked to properties such as electronic energy levels and surface to volume ratio, thus directly affecting electrical and optical properties, adhesion, chemical reactivity and cohesion. In particular, nanoscale research is interested in the properties of surfaces since it is mostly via the surface that systems interact. Thus, it is not surprising that much effort is being put to understand nanoscale phenomena on surfaces. [3] [4] [5] [6] The atomic force microscope (AFM) is a particularly suitable instrument to study surfaces with nanoscale resolution. 3, 7 The AFM consists of a microcantilever with a sharp tip at its end which is brought into proximity with surfaces in order to monitor the interactions. In the dynamic modes, the cantilever is oscillated at or close to its resonance frequency and the tip intermittently interacts with the surface via surface forces. This provides a means to understand phenomena occurring in the tip-sample junction in a dynamic fashion. 8 Several groups have been investigating the dynamics of the instrument since its invention. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In ambient conditions, there is typically a nanometer thick layer of water on surfaces. 21 As a result, at small tip-surface separations, capillary interactions can have a significant effect on the dynamics of the cantilever. 22 Some have reported no particular effect on the linearity of the oscillation amplitude under the influence of capillary forces. 23 Others have theoretically shown how the nonlinearities introduced by capillary interactions can lead to the appearance of several attractors. 22 Capillary effects have also been reported to be responsible for energy dissipation maps in hydrophobic=hydrophilic interactions. 24 Still, others 25 have reported that the interaction with water layers can be predicted by analyzing the mean deflection of the cantilever, where a small jump in deflection should be expected when water interactions occur. The AFM has also been used to verify a decrease in adhesion force with increasing relative humidity 26 and to quantify an effective water stiffness for nanometric water columns. 27 Furthermore, since some forms of AFM, such as Kelvin probe (KP) AFM, rely on a pure noncontact mode of operation, much effort has been put to understand this phenomenon. Partly, the interest of so many groups in the role of capillary interactions at the nanoscale lies in the implications of hydration on surface properties and reactivity. For example, nanoscale hydration may affect macroscale phenomena with implications in corrosion, direct or galvanic currents, ion flow on surfaces, and the catalysis of surface reactions. 5, 6, 28 Here we describe the dynamics of the cantilever in amplitude modulation (AM) AFM in hydrated environments where nanometer thick water layers cover the surfaces. Our study focuses on surfaces that are exposed to humidity in otherwise ambient conditions. We show that according to simulations a discrete negative jump in mean cantilever deflection does not relate to water intermittent perturbation but to perpetual contact between the tip and the water layers. Intermittent contact with the water might occur before the discrete jump. When the tip is inside the water layer and in perpetual contact with it, a unique limit cycle is predicted which consists of a single period orbital. When intermittent contact occurs and the capillary bridge is formed and ruptured during an oscillation cycle, the steady state with constant oscillation amplitude cannot be reached since the limit cycle displays multiple period orbitals. The oscillations are then modulated by frequencies that can be an order of magnitude smaller than the fundamental or drive frequency. This behavior can be observed in the simulations by analyzing the wave form or by noting the appearance of subharmonics in the motion. The physical interpretation is that the tip is perturbed by capillary neck formation with frequencies which are smaller than the fundamental but still in the range of microseconds. The appearance of subharmonics thus might provide the means to investigate the time scale for the nucleation of water bridges in the nanoscale. Since the understanding of time scale for these processes is still emerging, 24, 29, 30 our method could provide insight into such investigations. We demonstrate with simulations and also experimentally the effects of water perturbation on apparent height measurements. Large errors in apparent height measurements of water layers are observed when multiple period orbitals and subharmonics are predicted. We further show that with increasing oscillation amplitude, the effects of water perturbations are reduced in terms of the multiple period orbitals range. Physically, this implies that the ratio between the magnitude of water perturbations and the elastic response of the cantilever tends to zero with increasing oscillation amplitude. Finally, we show that in the repulsive regime, where intermittent mechanical contact occurs, experimental nonzero apparent height measurements of water layers are obtained. These nonzero heights can be reproduced in simulations if we assume, as suggested in previous studies, 31 that one or several water layers remain when mechanical indentation of the surface occurs. In our model, we account for the atoms in the water films on both the tip and the surface by considering their effect on the long range van der Waals force. We also consider the effects on adhesion that these atoms have when the capillary neck is formed.
II. MODEL AND METHODS
The equation of a damped driven harmonic oscillator 32 (1) with the addition of the tip-surface forces F ts (2) is used where F ts is the net tip-surface force. For the particular forces acting we use subscripts (2) . This model is a good approximation to the real phenomenon in ambient conditions where the Q factor is relatively high 33 (i.e., Q $ 10 2 -10 3 ). That is, under these conditions, the contributions of the second mode can be neglected. The fundamental tip-surface distance dependencies are shown in a scheme in Fig. 1 m
Here the spring constant of the cantilever is k, the natural angular frequency is x 0 , the effective mass of the tip is 32 m ¼ k=(x 0 ) 2 and the driving force is F 0 cos xt. We use the following expressions for the van der Waals (vdW) (F vdW ), the capillary (F CAP ), 34 the adhesion (F AD ), and the repulsive forces (F DMT ) 35
Here a 0 is an intermolecular distance which implies that matter interpenetration can never occur. 6 In Eqs. (3)-(8) the tip is modeled as a sphere with curvature R. In the tip-surface interaction we account for the long range vdW forces between a sphere and an infinite plane 36 but the effect of the water layer is also accounted for by taking into account an effective distance of interaction d*. Thus, in Eq. (3) H H 2 O is the effective Hamaker 36 for the hydrated tip-surface pair at a distance Fig. 2(a) ]. 37 This is the long range force and accounts for the long range noncontact interactions of the atoms in the solid systems and also in the water films. When the capillary bridge is formed [ Fig. 2(b) ], an adhesive component due to the water-water interactions from the tip and the surface FIG. 1. Scheme where some of the distance dependencies between the tip, the cantilever and the surface are shown. Here z c is the tip-surface equilibrium separation, z is the instantaneous position of the tip relative to z c and d is the distance to the solid surface, that is, the surface if there was no water. L is the distance between the tip and the cantilever. This distance is typically orders of magnitude larger than z c . Thus, L is not required to model the equation of motion. The tip-surface distance d is defined as z c þ z where negative values for z are taken in the downward direction. The distance dependencies for the tip-surface force F ts are calculated with d. The parameters that have physical significance for an understanding of the dynamics are z c , z, d, and F ts . Dependencies when the capillary force are taken into account are shown in Fig. 2. appears. This is F AD (4) , and because contact between the water layers is made already in this case, there is no explicit distance dependency, i.e., d* ¼ a 0 . Nevertheless, the Hamaker constant still has a distance dependency since the atoms on the water layers on the tip and the surface and the atoms on the solid tip and the solid surface are involved in this interaction. Thus, we interpolate the Hamaker constant value and write H* from the point at which the capillary is formed until mechanical contact is made. Mechanical contact occurs at d ¼ a 0 (see supplementary material for details 52 ). Of course, at this point the capillary force 34 (5) also acts. However, we multiply the capillary force by a constant C which implies that the capillary interaction is reduced experimentally relative to the expression inside the brackets. This is because asperities in the tip are not accounted for in the derivations of this equation. 6, 34 We have used C ¼ 0.5 in our simulations. Also, c H 2 O is the surface energy of water and V men is the volume of the meniscus which can be obtained from geometrical considerations. 23 In a third stage [ Fig. 2(c) ] mechanical contact occurs. At this point the Hamaker constant is simply H s for the solid tip-surface pair and the adhesive component (6) is constant. 35 In the contact region, we also saturate the capillary force in terms of distance (7) but allow for the volume to grow with increasing indentation 23 (see supplementary material for details 52 ). The main force addition here is the repulsive force (8) from the Derjaguin-Muller-Toporov (DMT) model of contact mechanics. 35 We have implemented this model in both Matlab and C. While both codes produced identical results, the model implemented in C is computationally superior. We have employed a standard Runge Kutta Algorithm of the fourth order and compared it with fifth and eight order Runge Kutta algorithms and with the Adams-Bashforth algorithm of the fourth order without significant improvement in the simulations. Our experimental work was carried out on an Asylum Research Cypher and on an Asylum Research MFP-3 D-SA AFM working at the natural frequency of oscillation. We have performed experiments on mica surfaces and on a BaF2(111) surface where water molecules can form well defined water patches. 31 Finally, in our experiments, we have stabilized the tips prior to obtaining our data by submitting them to ever increasing forces from initial small attractive forces. We have previously 38, 39 described this procedure in detail and shown that it can lead to tip stability and reproducibility in terms of the dynamics of the cantilever.
III. RESULTS AND DISCUSSION
A. The analytic expression for stability and its consequences
We start by establishing the parameters for stability and harmonic motion analytically. The net work done by the capillary force during one period depends on the magnitude of the capillary force, the hysteresis in capillary formation and rupture, i.e., d off À d on , and the difference in adhesion on approach and retraction (3) and (4) . Here d on is the distance at which the capillary forms on approach and d off is the distance at which the capillary ruptures on retraction. Furthermore d off > d on . 23 For compactness we write Eq. (5) in the form
where
and
Here, h (10) accounts for geometrical characteristics such as tip radius R, possible asperities via C and chemistry via the surface energy of water c H 2 O . We assume these to be constant in the experiments. On the other hand, the distance dependencies are accounted for via the function C (11); this function also depends on R and the volume of the water meniscus V men through B (12). Now we can find the work done by the capillary force by assuming a distance of minimum approach d min where d min d on . We are not interested in distances smaller than d on because below this distance the capillary is always formed; here, we take d on ¼ 3 h. 6, 34 Work is then done between d on and d off on retraction provided the capillary forms and ruptures during an oscillation cycle. This implies d min < d on and d max > d off , where d max is the maximum distance between the tip and the surface during an oscillation cycle. That is, the range of oscillation d max -d min is required to be larger than the difference between d on and d off and also include this range. Then, we write for the net work done by the capillary force in one cycle
which gives
We interpret all work as positive and as representing energy dissipated in the interaction. We can also consider the work done by adhesion due to the hysteresis implied by Eqs. (3) and (4) since, as stated, Eq. (3) applies on approach and Eq. (4) on retraction when the capillary forms and ruptures in once cycle (see supplementary material for details 52 ). For this work we write
where, in order to make the expression compact, we have written
Moreover, since the energy dissipated due adhesion hysteresis in Eq. (15) also has to do with the onset of the capillary bridge, we can more compactly write W CAP as the addition of Eqs. (14) and (15) . In summary, W CAP , i.e., Eqs. (14) þ (15), is the energy that leaves the cantilever during one cycle when the capillary bridge is formed at a distance d on and then ruptured at d off . In this respect W CAP can be thought of as a perturbation energy. If this perturbation energy is large compared to the stored energy in the cantilever, then, harmonic motion is compromised. This relationship can be written as a ratio
where P stands for normalized perturbation energy and E c is the energy stored in the cantilever. Furthermore, E c can be simplified for harmonic motion and to a first approximation to
From Eqs. (16) and (17) we infer that stable oscillations in amplitude A, i.e., harmonic motion, should be compromised with decreasing oscillation amplitude and decreasing spring constant k provided the capillary forms and ruptures during one cycle, i.e., d min < d on and d max > d off . The dependency of the volume of the water meniscus V men on perturbations in Eq. (16) is accounted for by B (12). Of course the contributions of h in Eq. (16) should not be ignored and these imply that stability is compromised with increasing tip radius R and decreasing number or increasing size of asperities when the capillary is formed and ruptured. Recall that asperities are controlled by C in Eqs. (5) and (9) In the next section we show with simulations that a limit cycle with a single period orbital follows under these conditions and that subharmonics are not excited.
B. Subharmonics and limit cycles
In Fig. 3 (a) an experimental amplitude distance (AD) curve obtained on a mica surface at a relative humidity (RH) of 50-60% is shown. This curve has been obtained for a small value of A 0 , i.e., A 0 ¼ 3 nm. The tip radius was estimated to be 10-20 nm in these experiments. AD curves are obtained by oscillating the cantilever at a given free amplitude A 0 while at or near resonance. 40 Here A 0 is defined as the amplitude of oscillation when the cantilever is unperturbed by surface forces; i.e., z c >> A 0 . Then for the AD curve, the response of the oscillation amplitude A is monitored with decreasing separation z c . Here, the amplitude and separation have been normalized as A=A 0 and z c =A 0 , respectively. In experimental curves however, the zero value is chosen arbitrarily since this cannot be experimentally found in a trivial way. 41 Approach to the surface and retraction from the surface are indicated by arrows in Fig. 3(a) . Note that the amplitude for small separations coincides on approach and retraction. Nevertheless at larger separations, i.e., z c =A 0 $ 1, there is hysteresis on retraction. This behavior is reproduced in simulations in Fig. 3(b) for which the values A 0 ¼ 3 nm and R ¼ 15 nm have been used. The patterns during approach and retraction in the simulations are the same as the experimental ones. In Fig. 3(b) we differentiate regions where no water contact has occurred with continuous black lines. We term this region nc. Regions for which intermittent contact with water occurs are termed ic and these are shown with dashed black lines. In this case however, the only region where this occurs is where the tip either gets trapped or breaks free from the water. These are only transient phenomena in the curves. Finally, regions where perpetual water contact occurs during an oscillation cycle are shown in blue online and are termed pc standing for perpetual contact. The perpetual contact region is characterized by relatively large values of mean deflection (see Fig. 4 and discussion below). Perpetual contact implies that the water meniscus never ruptures during an oscillation cycle; i.e., d max < d off . Perpetual contact typically leads to negative mean deflection; conversely, the nc region (black continuous lines) has almost zero deflection (see Fig. 4 ). Considering that for the nc region in Fig. 3(b) , A 0 ¼ 3 nm, there is zero mean deflection, one can note that the minimum distance of approach in the nc region is $2 nm in this case. This is consistent with nc since we have used h ¼ 0.6 nm and d on ¼ 3 h ¼ 1.8 nm. In Figs. 3(c)-3(e) we show the frequency response for the curve in Fig. 3(b) . These have been obtained at three different separations as indicated by arrows in Fig.  3(b) . The separations are (1) 
Briefly, no subharmonics or higher harmonics are excited in any of these cases. This is consistent with the analytic expression (16) for stability since in all cases W CAP ¼ 0. That is, the meniscus is never formed and ruptured during one cycle.
The phenomenon of W CAP ¼ 0 is shown to lead to limit cycles with single period orbitals in Figs. 3(f)-3(h) respectively. In these, the vertical axis is the normalized instantaneous position of the tip z=A 0 (see Fig. 1 ) and the horizontal axis is the normalized instantaneous velocity ż=ż max , Here, ż max is the maximum instantaneous velocity of the tip when z=A 0 ¼ 1, i.e., ż max % 5.1 mm=s in this case. As, stated, for z c =A 0 ¼ 0.5, i.e., z c ¼1.5 nm, the tip is in perpetual contact with the water and Fig. 3(f) shows that a single limit cycle with a single period orbital follows. Note that even when perpetual contact occurs, the solution is dynamic as it has larger than zero oscillation amplitude A. Also note that the amplitude A coincides in Figs Fig. 3(g) ] to A % 2.5 nm [ Fig. 3(h) ], or equivalently in this case, at larger separations, from z c =A 0 ¼ 1 or z c ¼ 3 nm [ Fig. 3(g) ] to z c =A 0 ¼ 1.5 or z c ¼ 4.5 nm [ Fig. 3(g) ], there is a unique limit cycle, i.e., the L-state or attractive regime. This is a purely nc and single period orbital.
The above discussion has shown that provided perpetual water contact (blue online) or no water contact (continuous show that neither the second harmonic nor subharmonics are excited. The respective phase space diagrams displaying the limit cycles of the system at each separation are shown in (f)-(h) respectively. These are all single period orbitals. The vertical axis is the normalized instantaneous position (see Fig. 1 ) and the horizontal axis shows the normalized instantaneous velocity. Experimentally, the average forces, i.e., the attractive and repulsive regimes, where monitored in (a) by recording the value of the phase lag where a net attractive force follows where the phase lag lies above 90 degrees. 43 Here the phase always lied above 90 degrees both in the experiments and in the simulations. Experimental parameters for (a): f ¼ f 0 ¼ 270 kHz, k ¼ 35 N=m, and Q ¼ 400 (quality factor). Simulation parameters: f ¼ f 0 ¼ 270 kHz, k ¼ 35 N=m, R ¼15 nm, Q ¼ 400, c ¼ 20 mJ (surface energy of the surface), c H2O ¼72 mJ (surface energy of water), E ¼ 10 GPa (elastic modulus of the surface 45 ), E t ¼ 120 GPa (elastic modulus of the tip) and h ¼ 0.6 nm (water layer height). black online) occurs during an oscillation cycle, there is only one frequency of oscillation in the response of the cantilever and limit cycles with single period orbitals follow. This is in a sense surprising since the physical phenomenon in one and the other scenario is different by involving liquid and air environments respectively. Nevertheless, some information can be found by observing the behavior of the mean deflection of the cantilever. In Fig. 4(a) the mean deflection curve corresponding to Fig. 3(b) is shown. Note how on extension and in the nc region (continuous black lines), zero or close to zero mean deflection follows. This is the response corresponding to the limit cycle shown in Figs. 3(g)-(h) in black lines, i. e., nc mode. Then, with decreasing separation, an abrupt step in negative deflection takes place. This step is indicated by dashed lines. Past this point the mean deflection is of the order of angstroms and corresponds to the limit cycle shown in Fig. 3(f) . The tip is now in perpetual contact with the water. On retraction, there is hysteresis in the mean deflection corresponding to the existence of two limit cycles or attractors for a given separation. Nevertheless, no work is done by the capillary force during this hysteresis in other than the region for which the transition occurs (black dashed lines); see discussion above. Increasing the free amplitude to A 0 ¼ 8 nm [ Fig. 4(b) ] results in the appearance of a region where the deflection does not take a single value any longer but has a range. This region is colored in black in Fig. 4(b) and corresponds to an intermittent contact region. That is, the tip is intermittently contacting the water layer and the capillary bridge is intermittently forming and rupturing. This implies that the minimum distance of approach d min has been reduced below d on . According to simulations (data not shown) this is the typical behavior with increasing A 0 implying that d min decreases with increasing A 0 . Eventually, with increasing A 0 , a certain value of A 0 can be reached for which the repulsive regime sets and intermittent mechanical contact occurs throughout. 38, 40 Still, for this range of A 0 , Figs. 3, 4, and 5, mechanical contact does not occur above the point for which a local maximum in amplitude is observed [1 in Fig. 3(b) ]. The local maximum in amplitude occurs slightly further away from the surface relative to the point for which the deflection changes slope (Fig. 4) . When the deflection abruptly changes slope the oscillation amplitude is zero. The point at which mechanical contact occurs, past the local maximum in amplitude, is colored in gray in Fig. 4 . This region always coincides with perpetual water contact. Thus that region is outside the scope of the perturbations predicted by Eq. (16) . Moreover, here, we only discuss regions outside this mechanical contact region. Taking this into account we recall that d min decreases with increasing A 0 throughout.
From the stability expression Eq. Fig. 4(b) with decreasing A=A 0 . The limit cycles and frequency response in the case of intermittent contact are discussed next. These provide further evidence of the perturbations in oscillation amplitude induced by intermittent water contact. We also use the analytical expression Eq. (16) to compare the perturbations predicted by it with subharmonic excitation predicted by numerical simulations.
In Fig. 5 an AD curve for the case A 0 ¼ 8 nm is shown experimentally [ Fig. 5(a) ] and with simulations [ Fig. 5(b) ]. In the simulated curve, a region where intermittent contact with the water occurs is shown (dashed line). This ic region coincides with the region with the large range in mean deflection in Fig. 4(b) . Besides the intermittent contact region, this curve is otherwise similar to that in Fig. 3(b) . The frequency spectrum at the same separations as before (Fig. 3) is shown in Figs. 5(c)-5(e). However, with this larger value of A 0 , the oscillation amplitude A has increased and the corresponding value of d min has decreased for the same separations thus inducing intermittent water contact in regions where no water contact occurred before in Fig. 3 where and marked 1, 2, and 3 respectively as in Fig. 3 . In (d) the FFT corresponds to the ic region in the curve. Now, subharmonics and frequencies close to the fundamental are excited where ic is predicted (see insets). The respective phase space diagrams displaying the limit cycles of the system at each separation are shown in (f)-(h), respectively as before. Where ic is predicted the limit cycles are multiple period orbitals. Again, as in for Fig. 3 , the average force was monitored by simultaneously recording the phase lag where values above 90 degrees where also obtained here, i.e., attractive regime. Experimental parameters and simulation parameters as in Fig. 3 Fig. 3 the only difference being the value of A 0 where A 0 ¼ 3 nm in Fig. 3 and A 0 ¼ 8 nm in Fig. 5 . At a slightly larger separation, there are two amplitude solutions, one where perpetual contact with the water occurs and another where intermittent contact follows. For the former, a similar situation is found in terms of frequency (not shown) as suggested by looking at its limit cycle in Fig. 5(g) . Nevertheless, for the latter, subharmonics are excited [ Fig. 5(d) Our results further show (not all data shown) that both subharmonic excitation and multiple period orbitals are inhibited in the repulsive regime. Practically, this involves driving the cantilever with sufficiently large free amplitudes as to induce the onset of the repulsive regime where intermittent mechanical contact occurs. 40 These results can be compared to the predictions of Eq. (16) via the parameters controlling the perturbation P. For example, when A ¼ 1.2 nm and with the parameters used in Fig. 5 , we get; W CAP %10 eV (14) , W AD % 170 eV (15) , E c % 157 (17) eV and P % 1.15 (16) . Since P is larger than 1, subharmonics should be excited agreeing with Fig. 5(d) . Then, increasing the oscillation amplitude to A ¼ 2.8 nm, W CAP % 10 eV, W AD % 170 eV, E c % 860 eV, and P % 0.21. Again, this agrees with a reduction in the excitation of subharmonics as predicted numerically in Fig. 5(e) . It is clear that further increasing the oscillation amplitude will lead to P ! 0. This interpretation might provide a physical explanation to the success of AM AFM where instabilities were circumvented by sufficiently increasing the oscillation amplitude, 46 thus reducing the problems involved in tip trapping and adhesion.
The excitation of subharmonics can be understood from a physical point of view by looking at the wave forms of the amplitude and force (Fig. 6) for A 0 ¼ 3 nm [Figs. 6(a)-6(b) ] and for A 0 ¼ 8 nm [Figs. 6(c)-6(d) ], respectively. All these wave forms correspond to a separation of z c ¼ 3 nm and can be compared with the respective frequency and limit cycle in Figs. 3 and 5. First recall that for A 0 ¼ 3 nm the interaction is pure noncontact and the water is never perturbed. Hence the wave form is an almost perfect sine wave [ Fig. 6(a) ]. Furthermore, the respective force profile shows a monotonous and periodic pattern [ Fig. 6(b) ]. When the free amplitude is increased to A 0 ¼ 8 nm the wave form is observed to be modulated by lower frequencies [ Fig. 6(c)] . Furthermore, the pattern is not monotonous (not all data shown). That is, the low frequency modulation lies in a range that goes from approximately 1=8 to 1=13 that of the fundamental in this case; note the peaks in frequency there [inset on the left in Fig. 5(d) ]. The corresponding wave form for the net force now shows nonrepetitive peaks [ Fig. 6(d) ]. Physically, these results show that the tip is impacting the water during every 8-13 periods of fundamental oscillation. When the tip impacts the water layers [see arrows in Fig. 6(c) ] the capillary does work against the elastic force of the spring, thus W CAP > 0. At this point transients follow and there is a loss in oscillation amplitude A or stored energy E c [see the wave form after the impact in Fig. 6(c) ]. However, the water impacts are not repetitive in time; note the nonrepetitive behavior in both amplitude [ Fig. 6(c) ] and force [ Fig. 6(d) ] peaks. In summary, it is the intermittent impact during every several fundamental oscillations that excites subharmonics. Moreover, while the intermittent water impacts occur every several fundamental cycles, these still lie in the time-range of micro-seconds since f 0 here is 270 kHz; note water impacts taking place every 40ls approximately in Fig. 6 . The prediction of subharmonics due to water impacts could thus be used to investigate processes such as nucleation time of water columns in the nanoscale for which a physical understanding is still emerging. 24, 27, 29, 47, 48 
C. Consequences for apparent height
The prediction of a range of oscillation amplitudes due to the presence of subharmonics and multiple period orbitals also has implications in topography imaging in AM AFM. AM AFM is one of the most widely used forms of AFM to characterize the topography of surfaces. 3, 42, 46 In Fig. 7 a simulation of the predictions of the apparent height of water layers is shown. These are the results of simulations where the difference in equilibrium distance z c (see Fig. 1 ) between a surface with no water layers, i.e., h ¼ 0 nm, and a surface with water layers of height h, i.e., h ¼ 0.6 nm, is plotted in the vertical axis. This difference in z c corresponds to the measured apparent height, or topography, in AM AFM. The horizontal axis corresponds to the normalized oscillation amplitude A=A 0 . The results are shown for three values of free amplitude. Initially, when the free amplitude is small, i.e., A 0 ¼ 3 nm, and no water contact occurs, the predicted apparent height is 0.6 nm. Thus, in this pure nc mode the true height is recovered and a single value of height is obtained. These results correspond to the nc region in Fig. 3 Fig. 7 (A 0 ¼ 8 nm). The figure shows that a range in apparent heights follows for a given oscillation amplitude A=A 0 . The apparent height however tends to increase relative to the true value. This is a consequence of the damping in energy during water impacts where W CAP > 0. For example, looking at the wave form [ Fig. 6(c) ], it follows that when an amplitude feedback reaches a given oscillation amplitude, the tip impacts the water layer and energy leaves the cantilever thus reducing the oscillation amplitude A or stored energy E c (16) . Then, after a few cycles, i.e., 8-13 [ Fig. 6(c) ], the amplitude increases again just to be damped once more in one or several cycles [see arrows in Fig. 6(c) ] by water impacts. The result is that the set-point amplitude is never reached permanently and is, on average, smaller than the chosen setpoint. Thus, an AM AFM will have to increase the separation to maintain the set-point and larger values of apparent height will then follow. Further increasing the free amplitude to A 0 ¼ 40 nm induces a switch to the repulsive regime. This results in a decrease in the range of possible values of apparent height. In the figure, the region for which the repulsive regime is reached on both the dry (h ¼ 0) and the wet (h ¼ 0.6 nm) regions is indicated by an arrow and marked as mc, standing for intermittent mechanical contact (Fig. 7) . At this point the apparent height is reduced to just 2-3 Å . In the simulations, we have allowed a monolayer of water molecules on the tip and the sample's surfaces [ Fig. 2(b)] . 21 This has resulted in these 2-3 Å s of apparent height in the simulations even in the repulsive regime. If no height is allowed to remain in this regime in the simulations, the predicted apparent height for the water layers is zero (data not shown). The requirement of leaving a finite value of height for the films on the tip's and sample's surfaces might be due to a solidlike nature of the first water bilayers adsorbed on the surface of BaF2(111). 31 Nevertheless, it could also be affected by the presence of ions, 49 hydration shells and the possible dynamics of squeeze-out of the water film. At this point, we believe that careful control experiments should be performed to establish the origins of this effect. The region termed intermittent contact or ic for A 0 ¼ 40 nm in Fig. 7 consists of a region where the attractive regime is reached on the wet water patch, i.e., h ¼ 0.6 nm, and the repulsive regime is reached on the dry water patch, i.e., h ¼ 0 nm. This results in a further increase in apparent height relative to the values for A 0 ¼ 8 nm where intermittent water contact occurs but intermittent mechanical contact does not. This extra step or increment in apparent height is a consequence of a gap in equilibrium separation between the attractive and the FIG. 6 . Simulations. Wave forms for (a) the normalized oscillation amplitude A=A 0 and (b) the net tip-surface force F ts at zc ¼ 3 nm for A 0 ¼ 3 nm. This corresponds to the simulations in Fig. 3 , and in particular Figs. 3(d) and 3(g) for noncontact oscillations. The oscillation amplitude is highly sinusoidal and the force form presents no peaks. When the free amplitude is increased to A 0 ¼ 8 nm (c) and (d) the oscillation amplitude is modulated by lower frequencies and the F ts wave form presents peaks corresponding to water impacts. The points at which the tip impacts the water layers are pointed at by arrows. Simulation parameters as in Fig. 3 . repulsive regimes. 50, 51 The apparent height is shown to reach up to 20 Å . That is, over 3 times the true value of apparent height which is only 6 Å .
Experimental evidence of the range of values of the apparent height of water patches on surfaces using ambient AM AFM is shown in Fig. 8 . The figure has been obtained on a BaF2(111) surface for several values of free amplitude as in the simulations of Fig. 7 . For clarity, the values given in Fig. 8(b) are the results obtained in a given experiment. Nevertheless, the experimental results here are general in that we have obtained similar results imaging several samples with several tips. The attractive and repulsive regimes have been monitored experimentally by recording the phase shift. 43 For the smaller values of free amplitude (A 0 ¼ 3 nm) the apparent height is approximately constant with decreasing oscillation amplitude [rhombuses in Fig. 8(b) ]. The apparent height is $5-7 Å which is equivalent to one or two adsorbed water layers. 31 The apparent height then increases with increasing free amplitude (A 0 ¼ 8 nm, triangles). Significantly, the apparent height is larger with this free amplitude, i.e., relative to A 0 ¼ 3 nm. Also, now, there is a range in values of apparent height, and especially, with decreasing oscillation amplitude in agreement with Eq. (16) . A topography image for A 0 ¼ 8 nm and for the largest values of oscillation amplitude A=A 0 > 0.5 is shown in Fig. 8(a) . The oscillation amplitude A=A 0 has been decreased there from top to bottom. As A=A 0 decreases perturbations also increase in the image. Another image for A=A 0 < 0.5 is shown in Fig. 8(c) . Now A=A 0 has been decreased from bottom to top. Perturbations are observed throughout. This behavior matches the predictions of the simulations in Fig. 7 . Furthermore, when the free amplitude is increased to A 0 ¼ 27 nm (squares), there is initially a severe step in measured apparent heights at the larger oscillation amplitudes, i.e., A=A 0 > 0.8. This corresponds to the attractive and the repulsive regimes being reached on the wet and dry surface regions, respectively. Again this behavior coincides with the predictions of Fig. 7 . Finally, a switch to the repulsive regime on the wet region occurs and thus, the apparent height is dramatically reduced to 2-4 Å . Moreover, further increasing the free amplitude to A 0 ¼ 53 nm (circles) results in repulsive imaging throughout but still, angstroms in apparent height remain. In Fig. 8(c) the perturbations imply that a range of heights can be measured for the water layers. This range is quantified by showing two triangles for each amplitude in Fig.  8(b) and for A 0 ¼ 8 nm where most perturbations are observed (light gray colored region). The generality of these results is implied by the fact that for very small values of free amplitude, we typically obtained relatively stable values for the apparent height of the water layers with decreasing oscillation amplitude, A=A 0 . Then, increasing the free amplitude always resulted in the patterns described in Fig. 8 even if the particular value of free amplitude for which the repulsive regime is reached on the dry region, approximately 27 nm in the example in Fig. 8 , might vary in different experiments. The variation of this value depends on the particular cantilever characteristics for a given sample. 38 Finally, it should be noted that a thorough experimental investigation of the consequences of capillary condensation on the excitation of higher harmonics should be conducted where relative humidity should be varied. These experiments could be performed with tips with different functionality, i.e., hydrophobic and hydrophilic coated, 23 and different levels of hydrophilicity of samples. Experimental subharmonic excitation should then be monitored by examining the frequencies of the experimental wave forms. The results we report here should provide significant fundamental understanding of the phenomena to experimentally interpret such data.
IV. CONCLUSION
The presence of water impacts at the nanoscale has been shown to lead to the excitation of subharmonics and multiple period orbitals. That is, there is a range of values of free amplitude, that typically lies below those for which the repulsive regime is reached, for which subharmonic excitation is predicted to occur. At this point, the capillary bridge is predicted to intermittently form and rupture with frequencies below the fundamental. Thus, multiple period orbitals follow as a consequence of the water impacts where the fundamental oscillation amplitude is modulated by the frequency of impact. This frequency of impact typically lies, according to simulations, in the range of $1=8th to 1=13th that of the fundamental. Furthermore, water impacts could lead to subharmonic amplitudes in the order of angstroms which are, in any case, large enough to be detected. Further experimental investigations should establish whether subharmonic analysis could become a robust method to investigate the nucleation of water columns in the nanoscale with both spatial and temporal resolution. This, together with the versatility provided by the AFM to operate under a broad range of temperatures, pressures and working frequencies could open the door to the investigation of capillary condensation under different environmental conditions. Furthermore, our analytic expression for the work done by the capillary force and adhesion during impacts and our interpretation of stability as the ratio between this work and the energy stored in the cantilever, have been shown to correlate with the findings in the simulations. This interpretation has been shown to hold provided the capillary bridge forms and ruptures during an oscillation cycle. Moreover, a limit cycle has been shown to appear under the conditions of perpetual contact with the water layers for which a single period orbital is predicted and where no subharmonics are excited. This is also consistent with the interpretation of perturbations in amplitude caused by the work done by the capillary force during the formation and rupture of the capillary bridge. That is, when the tip is in perpetual contact with the water, perturbations due to capillary forces in the vertical direction are either nonexistent or minimized.
We have also shown that the presence of subharmonics and multiple period orbitals could lead to errors in the measurement of apparent heights in AM AFM. Finally, we have shown that the measurements of apparent height of water layers when mechanical contact occurs are consistent with the predictions of simulations only if a finite height is allowed to remain on the surface during intermittent mechanical contact. Experimentally, we have found that about 2-4 Å of apparent height are measured.
